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ABSTRACT
Introduction: Bladder cancer is the second most common genitourinary tract cancer and is often
recurrent and/or chemoresistant after tumor resection. Cigarette smoking, exposure to aromatic
amines, and chronic infection/inflammation are bladder cancer risk factors. NF-κB is a transcription
factor that plays a critical role in normal physiology and bladder cancer. Bladder cancer patients have
constitutively active NF-κB triggered by pro-inflammatory cytokines, chemokines, and hypoxia, aug-
menting carcinogenesis and progression.
Areas covered: NF-κB orchestrates protein interactions (PTEN, survivin, VEGF), regulation (CYLD, USP13)
and gene expression (Trp 53) resulting in bladder cancer progression, recurrence and resistance to
therapy. This review focuses on NF-κB in bladder inflammation, cancer and resistance to therapy.
Expert opinion: NF-κB and bladder cancer necessitate further research to develop better diagnostic
and treatment regimens that address progression, recurrence and resistance to therapy. NF-κB is
a master regulator that can act with or on minimally one cancer hallmark gene or protein, leading to
bladder cancer progression (Tp53, PTEN, VEGF, HMGB1, CYLD, USP13), recurrence (PCNA, BcL-2, JUN)
and resistance to therapy (P-gp, twist, SETD6). Thus, an understanding of bladder cancer in relation to
NF-κB will offer improved strategies and efficacious targeted therapies resulting in minimal progression,
recurrence and resistance to therapy.

ARTICLE HISTORY
Received 20 September 2019
Accepted 13 March 2020

KEYWORDS
Bladder cancer;
chemoresistance;
inflammation; NF-κB; signal
transduction

1. Introduction

Bladder cancer is the second most common genitourinary tract
malignancy and the ninth most common cancer worldwide. It is
the third leading cause of death related to genitourinary tumors.
There is a male predominance of bladder cancer, where men are
at higher risk thanwomen in industrialized nations. Over the past
few decades, a high prevalence of bladder cancer has been
detected in the western world, particularly in North American
and European countries. At present, lifestyle changes and increas-
ing awareness of the risks related to bladder cancer have insti-
gated a declining trend in the prevalence rates in these countries.
Conversely, industrialization and lifestyle changes in developing
countries have increased the prevalence of bladder cancer over
the years in Asian countries like India [1,2]. In India, the risk of
older males presenting with bladder cancer is more prominent
(8.6 males:1 female) [3] than that in western countries (3 males:1
female) [4]. Although comparatively fewer female patients are
diagnosed with bladder cancer, their stage at diagnosis is much
higher and they have poorer prognoses compared with their
male counterparts [5]. Epidemiological studies have stated that
intrinsic sex-related differences are a cause for the higher inci-
dence of bladder cancer in men than in women [6,7].

There are many risk factors associated with bladder
cancer incidence that can be broadly categorized into environ-
mental, infection/inflammation and/or molecular determinants.
Environmental/lifestyle/occupational exposure to compounds,
like tobacco or cigarette smoking, aromatic amines, polycyclic
hydrocarbons, anilines, nitrates/nitrites, acrolein, coal and arsenic,
can trigger bladder carcinogenesis. Tobacco or cigarette smoking
is amajor risk factor associatedwith bladder cancer, amongothers,
due to the oxidative stress caused by the exposure leading to
inflammation and proliferation [8]. Thus, smoking increases the
chance of bladder cancer in men, with an average age at the time
of diagnosis of ~ 65 years or older [9]. Chronic inflammation due to
pelvic irradiation, indwelling catheters or infection of the bladder
lining by Schistosoma haematobium causing schistosoma also trig-
gers bladder cancer. Apart from the above, the geneticmake-up of
some of the population predisposes them to a higher risk of
bladder cancer. The molecular determinants are mutations, poly-
morphisms in oncogenes (TP63, EGFR, Ras, p21), tumor suppressor
genes (TP53, Rb1, histidine triad gene) and others (CABLES, Ki67,
cyclin D1) [6]. These mutations that occur in certain populations
not only increase the risk of bladder cancer but also determine the
treatment response of some bladder cancer patients [2].
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There are many factors that impact bladder cancer initiation,
progression, metastasis and treatment response. NF-κB is one of
the many crucial factors underlying bladder cancer pathogen-
esis. This association is drawn from a few reports on the associa-
tions of NF-κB in bladder neoplasms. Understanding bladder
pathology and the associated molecular factors is important
for identifying the prevailing lacunae in bladder cancer patho-
genesis. The involvement of NF-κB in bladder cancer progres-
sion has been reported in a few pathology studies [10–13],
which have helped to reveal the molecular factors responsible
for the presence of constitutively active NF-κB in bladder cancer.
There are scenarios in which NF-κB also plays a role in the
treatment response and resistance in some bladder cancer
patients [14,15]. This review provides a compilation of the
many mysteries related to the associations of NF-κB and bladder
inflammation, malignancy, treatment and chemoresistance.

Histologically, the bladder wall consists of three layers:
mucosa, muscularis propria and adventitia, with the serosa/
peritoneum at the dome. The mucosa is subdivided into the
urothelium, lamina propria, and discontinuous muscularis
mucosa. The bladder urothelium is composed of the epithe-
lium (urothelium) that lines the renal pelvis, ureter, bladder,
and most of the urethra, with the exception of the distal
urethra. The urothelium can be further categorized as super-
ficial (single layer of umbrella cells protecting the underlying
cells from urine exposure), intermediate and basal urothelial
cells. The lamina propria is located between the mucosal
basement membrane and the muscularis propria composed
of loose to dense connective tissue, blood vessels, lymphatic
vessels and adipose tissue. The discontinuous muscular
mucosa is usually associated with intermediate-sized blood

vessels, and only 5% of bladders have a well-developed con-
tinuous muscularis mucosa. The muscularis propria consists of
inner longitudinal, circular and outer longitudinal layers of
thick muscle bundles [16] (Figure 1).

2. Bladder inflammation

At the end of the 19th century, the relationship between
inflammation and cancer was an expanding focus of research.
Inflammatory conditions that occur before malignant
changes are observed serve as one of the many probable
triggers for some type of cancers. Conversely, an oncogenic
change creates an inflammatory microenvironment that pro-
tects the progression of tumors in other types of cancer [17].
Inflammation is a self-limiting step, during which the cells are
rescued from death due to damage caused by external factors
or infection. Interstitial cystitis, proliferative cystitis (von
Brunn’s nests), chronic cystitis, cystitis cystitica, cystitis glan-
dularis, eosinophilic cystitis and follicular cystitis are a few
inflammatory conditions that occur in the bladder (Figure 1).
Interstitial cystitis (bladder pain syndrome) manifests supra-
pubic pain related to bladder filling, accompanied by an
increased frequency of urination and other symptoms, with
no urinary infection or other pathology. This condition results
in classic inflammatory-type lesions that might appear micro-
scopically with normal histology, mucosal ulceration, over-
lying fibrinous exudates and necrotic debris. The lamina
propria is filled with chronic inflammatory cells, prominent
mast cells, fibrosis and an absence of bacteria. There is a non-
ulcer type of interstitial cystitis where the urothelium appears
normal or can have multiple glomerulations [18]. The pre-
sence of von Brunn’s nests is observed in 85–95% of bladders,
increasing with age. The nests consist of cytologically benign
urothelium in the lamina propria with regular spacing extend-
ing to the same horizontal level at the base of proliferation.
They sometimes extend with surface epithelium with minimal
inflammation lacking a stromal reaction. The nested variant of
urothelial carcinoma is mimicked in florid cases with no mus-
cle invasion, which is usually mistaken for inverted papilloma,
carcinoid tumors, paraganglioma and normal paraganglionic
cells [19]. Cystitis glandularis is the transformation of mucosal
cells lining the urinary bladder where they undergo glandular
metaplasia (irritated tissues take on a gland form). These
lesions are usually small microscopic foci that occasionally
form raised intramucosal or polypoid lesions contained within

Figure 1. Bladder histology, inflammation and cancer. Normal bladder histology (a) Transitional epithelium, (b) Basement membrane, (c) Lamina propria, (d)
Muscularis propria. Bladder cancer stages Cis) Carcinoma in situ, Ta) non-invasive papillary tumor, T1) Tumor invading the lamina propria, T2a) Tumor invading
superficial muscle, T2b) Tumor invading deep muscle, T3) Tumor extending beyond bladder wall, T4) Tumor invading adjacent organs/structures.

Article Highlights

● Bladder inflammation, cancer, and resistance to therapy are asso-
ciated with NF-κB expression, highlighting the underlying mediation
by NF-κB.

● Malignant bladder cancer cells retain constitutively active NF-κB to
modulate regulatory mechanisms, such as the down-regulation of
p53 and deubiquitinases, among others, enriching the tumor micro-
environment with cytokines and VEGF to assist cancer progression.

● Transcription factor NF-κB is able to interact with at least one protein
(VEGF, HMGB1, JUN, survivin) or gene (miR130b, PTEN, USP13, CYLD)
associated with cancer.

● NF-κB promotes recurrence and resistance to therapy in bladder
cancer patients with inherent heterogeneity by deregulating SETD6,
P-gp and Twist, among others.
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the submucosa. They normally tend to bud from the surface
mucosa and merge with von Brunn’s nests within the lamina
propria and submucosa. Cystitis glandularis can be a non-
mucinous and mucinous (intestinal) type. Individuals with
diffuse intestinal-type cystitis glandularis are at an increased
risk of developing bladder cancer. Like cystitis glandularis,
cystitis cystica is a lesion arising from von Brunn’s nests but
with a degenerated central cystic area [20].

Chronic inflammation is a risk factor in many epithelial can-
cers, including bladder cancer [21]. Patients with primary super-
ficial bladder carcinoma and some types of invasive bladder
carcinoma with an inflammatory reaction experience fewer
recurrences and less cancer-related death compared to those
with tumors that lack inflammation [22]. High frequencies of
inflammation and angiogenesis are associated with invasive
bladder tumors [23]. The increased vascular density with an
increasing degree of inflammation is an independent indicator
of a good prognosis [22]. Estimates of angiogenesis were found
to be associated with inflammation since the vascular densities
increase with an increasing degree of inflammation, in which
both carcinoma and non-neoplastic cells were identified as con-
tributors of VEGF to stimulate angiogenic processes [24]. The
molecular pathways of cancer-related inflammation are currently
being unraveled, resulting in the identification of new target
molecules that may improve diagnosis and treatment.

3. Bladder cancer types

Histopathological classifications of bladder cancer based on the
World Health Organization (WHO) are papilloma, papillary carci-
noma, bladder neoplasm of low malignant potential, low-grade
carcinoma, and high-grade carcinoma [25,26,6]. Bladder cancer
T staging by the invading tumor is designated as Ta, T1, T2, T3
and T4. The non-muscle invasive tumor confined to the epithe-
lium and lamina propria mostly belongs to the Ta and T1stages.
The muscle invasive tumors invading the detrusor smooth
muscle or beyond belong to the T2 to T4 stages [16].
Superficial bladder tumors are non-invasive, protruding papillary
tumors that arise from the transitional cells of the mucosal
epithelium. These tumors are often recurrent, localized, and non-
metastatic; hence, they can be surgically resected. The non-
papillary, solid and invasive tumor types usually invade the
bladder wall and are highly metastatic [9]. Altogether, approxi-
mately 90% of bladder cancers are transitional cell carcinomas,
5% are squamous cell carcinomas (SCCs) and about 2% are
adenocarcinomas. However, at the time of presentation, 70% of
all bladder diseases in most patients will be superficial (contained
in the mucosa, submucosa and/or lamina propria), of which
60–70% will recur after endoscopic resection of the bladder.
Further, 20% to 30% of patients will experience disease progres-
sion to a higher stage or grade with muscle invasion and/or
metastasis (Figure 1).

The complexity and aggression of bladder cancer are due to
the use of different oncogenic pathways that take advantage of
the cell’s physiological location. Thus, the Ta stage of bladder
cancer displays a rare occurrence of gene amplification, unlike
muscle invasive bladder cancer. Similarly, upstream genetic dele-
tions, such as mutations in TP53, PTEN and RB1, are common in

muscle invasive bladder cancer; additionally, hypermethylation
of the promoters indicates bladder cancer progression [9,27].
Further, malignant cells utilize the PIK3-mTOR pathway, inducing
mutations in genes involved in chromatin remodeling to pro-
gress to the invasive form. These pathways and mutations facil-
itate bladder cancer progression [28].

The urothelium is composed of three cell populations: 90% of
the cell population is made up of cytokeratin 5 (CK5)-expressing
cells residing in the basal layer; 5% is made up of intermediate
cells residing in the suprabasal layer and 5% is made up of
superficial cells residing in the luminal layer. Astudy has demon-
strated that papillary lesions are formed by intermediate cells
and that CK5-expressing basal cells cause carcinoma in situ (CIS)
and invasive lesions inmuscle and urothelium [7]. The loss of one
Trp53 (tumor suppressor gene encoding p53 protein) allele is
more often observed in CIS and muscle invasive disease than in
SCC, suggesting the important role played by the gene in the
progression of disease to the muscle invasive form. The invasive
potential of CIS bladder cancer and papillary lesions differs to
a greater extent, potentially due to the physiological location of
the cancerous cells in the urothelium. Although the above fac-
tors are known to influence bladder cancer, the prerequisite
trigger that can set the stage for bladder carcinogenesis is still
being debated [7].

4. Nuclear factor-kappa B (NF-κB)

4.1. NF-κB proteins

In 1986, Ranjan Sen and David Baltimore discovered NF-κB in the
nucleus, bound to a promoter of the immunoglobulin κ-chain in
B cells [29]. NF-κB is a transcription factor that is composed of the
following proteins: RelA (p65), RelB, c-Rel, NF-κB1 (p105; p50) and
NF-κB2 (p100; p52), as depicted in Figure 2. With these protein
members, NF-κB responds to many stimuli like oxidative stress,
hypoxia, inflammation, lipopolysaccharide (LPS), proinflamma-
tory chemokines, innate immunity receptors, antigen receptors
and environmental factors [30,31]. Each specific stimulus starts
a cascade of events leading to a special response in a cell via the
classical/canonical pathway (RelA/p50), the non-canonical/alter-
nate pathway (RelB/p100) or the atypical pathway (NEMO/ATM).
The classical and alternate pathways are the main pathways,
which are distinct and evolutionarily conserved [32,33].

Biological functioning of NF-κB requires dimerization, activa-
tion and translocation to the nucleus for gene expression.
Dimerization of the Rel proteins is an important step for eliciting
NF-κB functions, and all members of the family except RelB can
form homo- and heterodimers with one another. The most com-
mon NF-κB dimer found in cells is RelA/p50 or RelA/p52. RelB
expression is restricted to the thymus, lymph nodes and Peyer’s
patches, whereas c-Rel is restricted to hematopoietic cells and
lymphocytes. Rel proteins are kept inactive in the cytoplasm by
specific inhibitory proteins (IκBs), excluding NF-κB1 and NF-κB2,
which are processed from the precursor form to the active
form [34]. The seminal event in the activation of NF-κB is the
phosphorylation of IκBs by IKKs (IκB kinases). The IKKs are the
kinases that remove the inhibitory IκB masking the nuclear
localization signal sequence (NLS) of NF-κB dimers. Activation of
NF-κB relies on the decisive IKK complex, which converges
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according to an array of stimuli. The biochemical function of IKKα
and IKKβ appear to be similar, but genetic analysis has shown that
they are distinct [35–37]. The activation of IKKs is a tightly regu-
lated process involving several adaptor proteins (TRAFs, IRAKs, RIP
proteins and others) [38]. Post-activation, NF-κB dimers translo-
cate to the nucleus to transcribe more than 200 genes related to
inflammation, cytokine secretion, chemokine secretion, cell cycle
regulation, and angiogenesis, among others, eliciting a response
[39]. The regulation of NF-κB proteins is a crucial step and is
executed stringently. NF-κB regulates the transcription of p52,
RelB and c-Rel belonging to its family [40,41]. Expression of the
NF-κB regulators (IκBα, IKKα, IKKβ) is controlled by RelA [42]. The
p50 homodimers bind the consensus κB sites on DNA to repress
transcription, although the association with Bcl-3 can cause tran-
scriptional activation [43]. Deregulation of NF-κB results in dis-
eases like inflammatory bowel disease, rheumatoid arthritis and
cancer.

4.2. NF-κB pathways

The canonical pathway is responsible for functions like inflamma-
tion, proliferation, survival, stress responses and pathogen inva-
sion. These functions are delivered to a cell by the transcription of
respective target genes of pro-inflammatory cytokines like TNFα,
IL-1, IL-6, IL-11 and cell survival factors like Bcl-xL, survivin and
Hsp70 [44]. The classical NF-κB pathway regulates the expression
of cIAPs, which in turn promotes signal transduction to inhibit
caspase activation for cell survival. Cellular uptake or elimination
of drugs is determined by NF-κB, which regulates genes that are
required for this function [34,45]. It is an important feature that
contributes to NF-κB-related chemoresistance in some patients
(Figure 3).

The non-canonical pathway is responsible for physiological
functions like humoral immunity, peripheral lymphoid organo-
genesis, cell survival, differentiation, chemokine gene expression,
hematopoietic stem cell self-renewal, B cell generation and

maintenance and DC functional activation. Non-inflammatory
signals triggered by BAFFR, CD40, RANK, and LTβR, among others,
activate the alternate pathway [46]. NIK is the central regulator of
RelB/p52, where its stabilization and elevated levels are critical for
the active pathway [47]. Activities involving activated RelB/p52
are a NEMO-IKK complex independent, slow, steady, persistent
activation that is sustained for many hours or days [43,48–51].
Regulation of this pathway occurs via homodimerization of the
processed p52 subunits, in which they bind to the κBs site to act
as transcriptional repressors (Figure 3).

The atypical pathway is responsible for constant shuttling
of NEMO-ATM to generate the constitutively active classical
NF-κB dimer. Genotoxic stress activates the NEMO subunit and
translocation to the nucleus, where it is sumoylated and sub-
sequently ubiquitinated. This process is carried out by ataxia
telangiectasia mutated checkpoint kinase (ATM), tyrosine
kinase or casein kinase-2, which later shuttles back to the
cytosol to activate IKKβ [52]. The main dimer that participates
in this pathway consists of NEMO/ATM proteins. The atypical
pathway is NF-κB independent and IKK dependent. The need
for NEMO-ATM shuttling to generate the constitutively active
classical NF-κB dimer in normal physiology and disease condi-
tions remains unknown (Figure 3).

4.3. The link

The canonical and non-canonical pathways may seem to be inde-
pendent, but they are interlinked [53]. The TNF-R-associated fac-
tors (TRAFs) are key intermediates in both the canonical and non-
canonical pathways. TRAF3 has a major role in the non-canonical
pathway and is the negative regulator of TRAF2 and TRAF6 in the
canonical pathway. In normal and cancer conditions, both NF-κB
pathways are co-activated when proteins of both pathways form
heterodimers to induce the desired effect. For instance, regulation
of RelB transcription is governed by canonical NF-κB dimers, and
an association of RelB:p50 subunits during the activation of bone

Figure 2. Proteins of NF-κB family. (a) Rel proteins: These proteins are characterized by the Rel Homology Domain (RHD). The N-terminal is for DNA binding and it
is phosphorylated for regulation, C-terminal is for dimerization and contains the Transactivation Domain (TAD). RelB requires the Leucine Zipper (LZ) region
additional to TAD for activation. NF-κB1 and NF-κB2 has Ankyrin Repeat domain (ANK) along with Death Domain (DD) at the C-terminal for inhibitor interactions. (b)
NF-κB inhibitory proteins: These proteins retain the NF-κB proteins inactive inside the cytoplasm with Ankyrin Repeats and PEST domains. (c) IκB Kinases: Kinase
Domain (KD), U, LZ, Helix Loop Helix (HLH), S and the NEMO Binding Domains (NBD) are features shared by IKKα and IKKβ proteins. IKKγ contains CC1, CC2, LZ and
Zinc Finger (ZF) motifs.
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marrow dendritic cell has been reported [54]. These observations
indicate that both pathways are part of the development, survival,
and functional activation of lymphocytes, dendritic cells and
macrophages. They are also part of hematological malignancies
in which p52 and RelB have multiple yet distinct effects on the
expression of key regulators of the cell cycle, ROS generation and
protein stability. All these phenomena highlight the unique
mechanisms by which NF-κB functions in disease pathogenesis
and cancer (Figure 3).

5. NF-κB in bladder inflammation

Among all bladder cancer risk factors, inflammation is the second
most common predisposing factor after cigarette smoking [2]
(Figure 4). Progressive inflammation recruits inflammatory cells
for cytokine, chemokine, growth factor and angiogenic factor
secretion, resulting in the accumulation of free radicals that lead
to carcinogenesis, in which the stroma of bladder cancer tissues
exhibits inflammatory infiltrates unlike the normal urothelium.
The expression of NF-κB in all inflammatory conditions of the
bladder is curtailed by only very few studies examining intersti-
tial cystitis and chronic cystitis with NF-κB. It will be interesting to
examine the roles of other NF-κB family proteins apart from RelA
in bladder inflammation, malignancy and resistance to therapy.

5.1. NF-κB in interstitial cystitis

NF-κB regulates the gene expression of adhesion molecules
that recruit inflammatory cells (neutrophils, eosinophils and
T lymphocytes) to the site of inflammation in most chronic

inflammatory diseases [55,56]. In interstitial cystitis, mast cell
activation and an augmented expansion in its numbers are
implicated in disease progression. Increased expression of
RelA in the nucleus of epithelial cells and submucosal layers
of interstitial cystitis patients has been observed, while normal
urothelial cells show cytoplasmic and perinuclear immunos-
taining for RelA [57]. Patients with interstitial cystitis show
increased submucosal activation of RelA, suggesting stimula-
tion by extracellular stimuli, which have not been observed in
normal samples [58]. These findings clearly underscore the
potential role of NF-κB in orchestrating and maintaining
inflammatory and immune responses in patients with intersti-
tial cystitis, which ensue after the initial stimulation, suggest-
ing a correlation between the activation of NF-κB and the
pathophysiology of this disease.

5.2. NF-κB in chronic cystitis

NF-κB is activated by upstream lymphotoxin β receptor (LTβR) in
chronic cystitis and potentiates its progression to bladder cancer
[59,60]. LTβR belongs to the tumor necrosis factor (TNF) receptor
superfamily expressed on epithelial cells and most other cells
[21]. LTβR signaling is involved in inflammatory processes and
carcinogenesis, especially inflammation-induced carcinogenesis
[61,62]. Astudy assessing chronic cystitis, bladder cancer and
healthy mucosa tissues showed that along with LTβR, both NF-
κB:canonical RelA and non-canonical RelB were expressed at
higher levels in chronic cystitis and bladder cancer than in
healthy bladder mucosa. In addition, the alternate pathway pro-
tein RelB predominantly potentiates the transition from bladder

Figure 3. NF-κB pathways. Canonical pathway: Specific stimuli trigger respective receptors leading to the activation of NEMO complex. Further, inhibitory
complex is degraded to release the active NF-κB protein translocation to the nucleus for gene transcription. Atypical pathway: The balance between the nuclear
and cytoplasmic NF-κB (RelA/p50) is maintained by the constant shuttling of the NEMO complex with other proteins feeding this pathway. There are other functions
of NEMO protein inside the nucleus that are yet to be unraveled. Non-Canonical pathway: This pathway specific stimulus triggers the receptors leading to the
activation of p100 protein for partial degradation, thus releasing the active NF-κB (RelB/p52) protein to be translocated into the nucleus for gene transcription.

EXPERT REVIEW OF MOLECULAR DIAGNOSTICS 501



inflammation to cancer. The study concluded that there was no
significance between age or gender and the expression of LTβR,
RelA and RelB [21]. Thus, chronic cystitis exhibiting active NF-κB
pathways might lead to bladder cancer via inflammation-
associated proteins like LTβR.

6. NF-κB in bladder cancer

Localization of the NF-κB subunit by immunohistochemical stain-
ing reveals the active role played by the protein in bladder
cancer. Nuclear expression of the RelA subunit of NF-κB increases
with increasing tumor grade and T-category [11]. Differential
nuclear expression of the NF-κB subunits RelA/p50 when
assessed together has been observed by immunohistochemistry
[10]. Similarly, in muscle-invasive bladder cancers, NF-κB activa-
tion, as indicated by nuclear RelA subunit expression, is positively
associated with the tumor histological grade, T-category and
chemoradiation resistance [14]. Overexpression of the RelA
subunit could be an initiating event, functioning as a by-
product of another signaling cascade and collaborating with
another protein to induce a stimulus or regulatory mechanism.
The interactions ultimately result in aberrant NF-κB activation,
leading to bladder cancer progression.

Deciphering the mechanism responsible for the malignant
transformation of bladder cells is crucial because bladder
cancer patients often have a poor prognosis and survival
due to progression, recurrence, metastasis and resistance to
therapy. Many molecules, like STAT3 [63], AP-1 [63], HIF-1 [64],
survivin [14], deubiquitinases (DUBs) [12,65,66], nuclear
proteins [67], microRNAs [12], and nitric oxide (NO) [68],
among others, are associated with NF-κB to induce the afore-
mentioned clinical implications. Similarly, oncogenic signals

activate several transcription factors like AP-1 and STAT3,
which share common genetic targets with NF-κB. Hence,
during tumorigenesis, premalignant cells induce NF-κB, AP-1
and STAT3 transcription factors to collaborate and promote
cancer progression [63]. Such strong NF-κB signaling can
induce other transcriptional complexes like HIF-1α (induced
during hypoxia), which accumulates even when the cell is
normoxic [64]. NF-κB increases the expression of survivin
(IAP family member) – a downstream molecule that in turn
mediates NF-κB signaling to facilitate the progression of blad-
der malignancies and drug resistance [14]. High mobility
group box 1 (HMGB1) is a non-histone nuclear protein that
is overexpressed in bladder cancer. Knockdown of HMGB1
expression significantly inhibits the expression levels of RelA
and VEGF-C (a downstream target gene of NF-κB activation),
up-regulates IκBα expression, and suppresses the nuclear
translocation and DNA-binding activity of RelA [69]. HMGB1
regulates VEGF-C expression during the development of blad-
der cancer via the NF-κB signaling pathway [67]. Thus, NF-κB
can collaborate, induce and mediate oncogenic signaling via
other proteins in the cell.

Deregulation of NF-κB signaling is a common event in
chronic inflammation and tumorigenesis despite stringent
regulation [70–72]. Regulatory modes are governed by
multiple feedback loops, tumor suppressors (phosphatase
and TENsin homolog [PTEN], cylindromatosis [CYLD]), regula-
tors (deubiquitinases [CYLD], ubiquitin-specific protease 13
[USP13]) and microRNAs [12,65,66]. Ubiquitination is also an
important step in NF-κB activation, and bypassing this regu-
latory step results in constitutive activation [73,74]. PTEN
gene mutation or protein downregulation initiates superficial
papillary transitional cell carcinoma (TCC) and promotes

Figure 4. NF-κB and bladder cancer: All the cancer hallmarks [115] are met by the NF-κB in bladder cancer and treatment. The contribution to each of the
hallmark is by a variety of agents like enzymes, growth factors, cytokines, microRNAs, etc. The mechanism by which NF-κB involves these agents in bladder
carcinogenesis, progression, recurrence and chemoresistance are the focus of this review.
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progression of CIS to advanced tumors of the bladder [66,75].
Similarly, CYLD is a DUB, a tumor suppressor and also
a negative regulator of NF-κB [76]. The microRNA miR-130b
(involved in cell cycle control, the EMT process, promoting
cancer cell proliferation, invasion and migration) is overex-
pressed, and NF-κB up-regulates its expression for persistent
activation and progression of bladder cancer [14,65]. When
the NF-κB/miR-130b/301b cluster axis is promoted, it leads to
the loss of PTEN and CLYD expression by decreasing USP13
expression to facilitate bladder cancer progression [66]. Thus,
NF-κB hosts the interplay of DUB repression to surpass
the regulatory mechanism by overexpressing oncogenic
miR-130b in bladder cancers. Apart from the tightly regulated
mechanisms involving DUBs, there is another layer of regula-
tion of the IκB degradation imposed by post-translational
modifications like phosphorylation, acetylation, methylation
and ubiquitination. These modifications act to suppress acti-
vated NF-κB in bladder cancer and are elaborated in detail
elsewhere [12].

Molecules like nitric oxide [68], ursolic acid [77] and cigar-
ette smoke [78,79] can induce NF-κB in bladder cancer. Nitric
oxide is secreted by inducible NO synthase (iNOS), and the
mechanisms of tumor invasion in bladder cancer are still
unknown. NO can possess both pro- and anti-tumorigenic
activity; however, 50% of bladder cancer patients are positive
for iNOS expression, with tenacity for early recurrence and
invasive progression, unlike the normal urothelium [68].
Sustained iNOS activity is achieved by constitutively activated
NF-κB, and cells lacking NO production are sensitive to the
cytotoxic effects of external NO [80,81]. Prolonged iNOS activ-
ity causes DNA damage, increased cell proliferation and tumor
vascularity in bladder cancer [68]. Ursolic acid is a functional
triterpene that is capable of modulating the Akt/NF-κB path-
ways responsible for anti-apoptosis and drug resistance in
bladder cancer [15]. Ursolic acid influences the Akt/NF-κB
pathway by repressing Bcl-2 and IκBα phosphorylation and
modulating reactive oxygen species (ROS), AMP-activated pro-
tein kinase (AMPK) to induce apoptosis [77]. The major risk
factor for bladder cancer is tobacco or cigarette smoking, and
a cigarette smoke extract (CSE) version of the same can induce
cell proliferation in normal human urothelial cells (SV-HUC-1)
via an unknown mechanism [78,79]. Aplausible mechanism
involves NF-κB, in which it increases IKK phosphorylation and
reduces IκB expression for activation and co-activation of the
MAPK/AP-1, ERK1/2 and JNK pathways. CSE modulates func-
tions like the cell cycle distribution, increased expression of
PCNA (proliferating cell nuclear antigen), cyclin D1 and
decreased expression of p21, which are the steps of cellular
proliferation and main targets of NF-κB [82]. CSE-induced cell
proliferation of normal cells is prevented with the inhibition of
NF-κB [78,79]. Thus, a stimulus of any magnitude or dimension
is capable of inducing NF-κB expression in bladder cancer. The
factors leading to bladder cancer initiation, progression and
metastasis are also responsible for the treatment response.
The mechanism by which NF-κB aids or disrupts the treatment
response to facilitate resistance in a select group of bladder
cancer patients is another mystery that must be solved.

7. NF-κB in bladder cancer chemoresistance

Bladder cancer is a heterogeneous disease and prediction of
an accurate prognosis is difficult even when accounting for
the European Organization for Research and Treatment of
Cancer (EORTC) proposed scoring systems and risk tables for
predicting recurrence and progression [83,84]. There are var-
ious treatment modalities based on bladder cancer stages, and
it is a challenge to identify the therapy non-responder sub-
group among patients who are highly susceptible to recur-
rence and progression. Treatment failure in bladder cancer
patients is due to the presence of BCG adjuvant intravesical
therapy non-responders, cisplatin non-responders and those
patients who initially respond to cisplatin and later develop
resistance. Although many molecular markers are being inves-
tigated, none to date has been able to address the challenges
related to the clinical course and treatment outcomes of
bladder cancer. Some notable molecular markers are p53, Rb,
cyclin A (cell cycle regulators), IAP and Bcl-2 family proteins
(apoptosis mediators) [14,65].

Molecular phenotyping of individual bladder cancers has
identified unique molecular differences between patients
suffering from the same disease. Papillary tumors and flat,
invasive tumors have distinct molecular alterations, espe-
cially in cell cycle regulation, a key event determining the
behavior of bladder cancer [85]. For example, mutation of
the p53 gene is associated with the pathological stage and
grade in bladder cancer, which can serve as a single inde-
pendent predictor of disease progression [86]. Increased
nuclear accumulation of p53 predicts a higher recurrence
and decreased overall survival, thus establishing itself as
a reliable and consistent prognostic marker for bladder can-
cer progression [87–89]. However, those patients without
p53 mutation also encounter bladder cancer progression,
which indicates that another pathway is involved in this
process, namely, the mutated/altered RB gene. For therapy,
patients with altered p53 have increased susceptibility to
cisplatin (or other DNA-damaging agents) treatment than
those with the wild-type p53 gene [89,90]. Apart from p53
and RB, many aberrantly expressed factors, such as thymi-
dylate synthase (TS), Bcl-2, Cox-2, epidermal growth factor
receptor (EGF-R), NF-κB, protein kinase B (PKB or Akt), PTEN,
telomerase, coxsackie adenovirus receptor (CAR) and the
uroplakin gene (specifically expressed in transitional cell
epithelium in bladder cancer), are responsible for chemore-
sistance in bladder cancer [85]. Despite many contributing
factors to bladder cancer, the contribution of NF-κB is sig-
nificant because it controls cell metabolism/survival [91–93].

7.1. NF-κB partners in bladder cancer chemoresistance

NF-κB post-translational modifications like phosphorylation,
acetylation, methylation and ubiquitination affect downstream
NF-κB signaling during regulation. For instance, NF-κB methy-
lation at K218 and K221 augments NF-κB target gene tran-
scription, arginine methylation regulates NF-κB-dependent
transcription and RelA methylation at lysine 310 modulates
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its transactivation properties [12,13]. In a similar regulatory
setting, NF-κB is antagonized by p53 to repress carcinogenesis
in normal physiology. Interestingly, the NF-κB and p53 path-
ways are integrated when the promoters and enhancers of
target genes are both regulated by p53 and NF-κB to deter-
mine cell fate [94]. However, when p53 is mutated, it loses its
regulatory hold on NF-κB, which is a common event in inva-
sive bladder cancer. Aberrant p53 methylation is carried out
by SET7/9, SMYD2, SETD8, and G9a/GLP at K372, K370, K382,
and K373, respectively [13]. Thus, NF-κB has the capacity to
modulate the regulatory mechanisms to curb its activity in
support of bladder cancer progression and resistance to ther-
apy [95]. Further, it disrupts the enzymes associated with these
post-translational modifications like SETD6 (methyltransferase,
an epigenetic modulator of NF-κB). SETD6 plays a significant
role in contributing to bladder carcinogenesis by regulating
NF-κB expression levels. During therapy, BCG administration
induces the NF-κB-mediated inflammatory response that is
locally regulated by SETD6, which has a propensity to lead
to resistance [13].

In high-grade bladder cancer after chemotherapy, the
residual tumor shows increased multidrug resistance gene 1
(MDR1) mRNA and P-glycoprotein (P-gp) expressions [96]. P-gp is
an ATP-dependent cellular efflux pump encoded by MDR1.
Concentrations of chemotherapies (anthracyclines, vinca alkaloids
and taxanes) are reduced upon overexpression of P-gp, contribut-
ing to chemoresistance [97]. Chemoresistance in bladder cancer is
proportional to the aberrant P-gp expression, predicting a poor
clinical outcome [98]. Similarly, Twist is a transcription factor that is
overexpressed to promote tumor invasion, angiogenesis, survival
and chemoresistance in high-grade bladder cancer, predicting
a poor prognosis [99,100]. It acts as a regulator of P-gp in bladder
cancer cells and it is an evolutionarily conserved target of NF-κB
[98]. Like bladder cancer progression, recurrence impacts patient
survival. NF-κB has a significant association with bladder cancer
progression; however, it is insignificant in terms of recurrence, as
confirmed by a study that demonstrated an association of high
expression of NF-κB with progression but not recurrence. It also
had a negative impact on progression-free survival in this specific
patient group. Thus, NF-κB allows the identification of this high-risk
subgroup of patients at higher risk for bladder cancer progression
in high-grade non-muscle-invasive bladder cancer [101]. These
findings emphasize the link between NF-κB and many associated
factors in bladder cancer chemoresistance, although many grey
areas are yet to be addressed [13].

Based on the stimulus, many pathways interact with NF-κB,
and emerging preclinical evidence suggests a role for sex hor-
mone in bladder carcinogenesis and progression. Accordingly,
NF-κB and androgen receptor (AR) signaling crosstalk in pros-
tate cancer cells has been suggested, and NF-κB plays a role in
AR-induced gemcitabine resistance in bladder cancer cells
[102,103]. Male-predominant bladder cancer is influenced by
AR signaling, which critically contributes to the gender-based
difference in bladder cancer incidence [104]. In patients with
prostate and bladder cancer, androgen deprivation therapy
(ADT) is used as a treatment, which prevents further develop-
ment and recurrence of bladder tumors [105,106]. AR-positive
bladder cancer growth is inhibited by ADT, in which NF-κB
RelA/p50 and tissue transglutaminase form a complex to bind

the AR promoter at NF-κB response element sites; thus, NF-κB
regulates tumor cell sensitivity to drug-induced apoptosis [103].
The mechanism by which NF-κB regulates cisplatin sensitivity
could involve activation of the antiapoptotic bcl-2 family, c-FLIP,
c-JUN and histone modifications [107,108]. While NF-κB regu-
lates tumor cell sensitivity to drug-induced apoptosis, it has an
opposite effect in the presence of androgens. NF-κB in the
presence of androgens reduces cisplatin-induced cytotoxicity
in AR-positive bladder cancer cells. Bladder cells that are AR-
positive are modulated by RelA from neoplastic transformation
and growth, unlike AR-negative cells [103]. Discrepancies as
such still prevail regarding the associations of NF-κB in bladder
cancer and chemoresistance. BCG immunotherapy results in
overexpression of NF-κB1 and influences the immune response
[109]. In some patients, an NF-κB gene genetic predisposition
toward bladder cancer is observed and has a major contribu-
tion to the BCG treatment response [110–112]. Astudy of
patients carrying the NF-κB del/del genotype demonstrated
a 2.5-fold increased risk of recurrence compared with that of
patients with the ins/ins genotype treated with BCG. Further,
polymorphisms in the NF-κB promoter, an insertion/deletion
ATTG functional polymorphism at – 94, are linked to bladder
cancer recurrence [109]. These results emphasize the crucial
role of NF-κB genes in determining the treatment response in
bladder cancer patients.

Exploring newer agents for the treatment of bladder cancer is
warranted since it is well known to develop chemoresistance
after a period of time. The application of programmed cell death
protein (PD-1) and programmed death ligand 1 (PD-L1) immune
checkpoint therapies has launched a new era for bladder cancer
treatment; however, the study of critical biomarkers and mole-
cular mechanisms for progression of bladder cancer is still
imperative. Treatments targeting NF-κB will be effective in curb-
ing bladder cancer progression and rendering the cells sensitive
to chemotherapy. Pre-treatment of bladder cancer cells with
5-azacytidine enhances sensitivity to cisplatin and docetaxel
treatment by inducing re-expression of target of methylation-
induced silencing 1 (TMS1) protein, which downregulates NF-κB
[113]. Further, pre-treatment results in increased cell death after
drug combination treatment in which epigenetically silenced
genes are up-regulated to induce the desired cell death [114].
Similarly, YM-155 is a new agent that can potently suppress the
expression of survivin, inducing apoptosis, cell cycle arrest by
inhibiting the tumorigenic NF-κB/survivin pathway in bladder
cancer [14,65]. Such agents hold promise to overcome progres-
sion, recurrence and chemoradiation resistance.

8. Conclusion

NF-κB has a role in the pathogenesis of bladder cancer since
its inception as an organ-contained transitional cell carcinoma
that is recurrent and/or chemoresistant in patients. All or most
of the predisposing factors, like cigarette smoking, persistent
infection and exposure to aromatic amines, lay the foundation
for an underlying chronic inflammation that triggers NF-κB. It
is interesting to note that NF-κB utilizes many proteins repre-
senting cancer hallmarks leading to bladder cancer progres-
sion. Since NF-κB is involved in several critical cell survival
mechanisms, deregulation by persistent inducing stimuli of

504 C. E. JEBARAJ WALTER ET AL.



this crucial factor or its upstream molecules or their genes
results in bladder neoplasms. Patients with mutations in the
Trp53, RB1 and PTEN genes have high genomic instability that
leads to bladder cancer. Constitutively active NF-κB creates an
inflammatory microenvironment due to aberrant cytokine,
growth factor expression. These proliferative signals induce
angiogenic factors like VEGF and HMGB1, which equips the
malignant bladder cell with the ability to resist cell death by
inducing survivin, miR130b, allowing immune evasion by indu-
cing reactive oxygen species, COX2; allowing growth suppres-
sor evasion by inducing or suppressing deubiquitinases like
CYLD, PTEN, and USP13; deregulating cellular energetics with
assistance from p53, AMPK; and allowing immortality, invasion
and metastasis by expressing PCNA, BcL-2, JUN, and TNFs. In
bladder cancer, NF-κB plays a role in drug efflux, and active
NF-κB in immune cells determines the success rate of therapy
across populations. BCG administration induces an NF-
κB-mediated inflammatory response that is locally regulated
by SETD6, which has the propensity to contribute to chemore-
sistance in some bladder cancer patients. Genetic polymorph-
isms, P-gp and twist expression, and the presence of
androgens, among others, target NF-κB to influence the treat-
ment response and resistance. NF-κB oppresses all the regula-
tory systems from genes to proteins to influence bladder
cancer progression and the treatment response. Thus, under-
standing bladder cancer with NF-κB will offer better strategies
and efficacious targeted therapies with minimal progression,
recurrence and resistance to therapy.

9. Expert opinion

NF-κB is a well-regulated pathway with several regulatory
loops that become deregulated to support bladder cancer
progression. The relationship between NF-κB and bladder
cancer has been established in a few pathology studies
[10,11,101]. When considering bladder cancer, it is interesting
to note that different bladder cancers, like papillary tumors
and invasive tumors, when subjected to molecular phenotyp-
ing reveal unique molecular differences among patients
suffering from the same disease [14]. The underlying causal
molecule or mechanism for the inherent molecular differ-
ences in bladder cancer is unknown. Nevertheless, patients
diagnosed with bladder cancer are subjected to different
treatment modalities based on factors like age, gender,
grade, and stage, among others, which impacts patient prog-
nosis and leads to differences in the treatment response in
bladder cancer patients undergoing the same treatment. In
addition, a subgroup of patients receiving treatment devel-
ops resistance (either before or after a few treatment
sessions). Identifying this patient subgroup will impact their
prognosis and treatment outcomes [14,65].

NF-κB possesses extreme plasticity and utilizes several
mechanisms involved in disease pathogenesis. Avenues by
which NF-κB is utilized in bladder cancer and its progression is
a key research focus. Investigations of the associations of NF-κB
with bladder cancer initiation, progression, recurrence, treat-
ment and resistance could lead to realistic implementations in

clinical practice. NF-κB, as a cell fate determinant, serves an
equivalent role in bladder cancer, where constitutively active
NF-κB collaborates with many proteins like p53, JUN, VEGF,
PTEN, SETD6, USP13, P-gp, and Twist; enzymes like AMPK and
CYLD; and genes like Trp53, RB1, and miRNAs like miR130b,
among others to suppress the regulatory mechanisms respon-
sible for its inactivation. By oppressing all the regulatory sys-
tems, ranging from genes to proteins, NF-κB is able to influence
bladder cancer progression and treatment responses. NF-κB is
a cancer hallmark, as stated by Hanahan and Weinbergh [115].
The influence of one transcription factor, NF-κB, along with
several others related to the cancer hallmarks pertaining to
bladder cancer progression is intriguing.

In bladder cancer, there is a preferential bias between NF-κB
subunits during progression and a currently unknown function
[10]. Technically, NF-κB exists as a dimer (RelA/p50) that must
dimerize to elicit different cell functions based on the specific
stimuli. Further, the involvement of various NF-κB subunits in
bladder inflammation, carcinogenesis, progression, recurrence,
treatment response and resistance in some patients necessitates
research. Deciphering the functions and associations of NF-κB in
bladder cancer pathogenesis will be a tremendous advance-
ment in the field. The NF-κB transcription factor is able to
participate in all cancer hallmark traits, possessing the capability
to reverse resistance to therapies, which are key drug targets to
improve bladder cancer patients’ quality of life and survival.
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